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Abstract
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Heme oxygenase, HO, from the pathogenic bacterium N. meningitidis, NmHO, which secures host
iron, shares many properties with mammalian HOs, but also exhibits some key differences. The
crystal structure appears more compact and the crystal-undetected C-terminus interacts with
substrate in solution. The unique nature of substrate-protein, specifically pyrrole-I/II-helix-2,
peripheral interactions in NmHO are probed by 2D 1H NMR to reveal unique structural features
controlling substrate orientation. The thermodynamics of substrate orientational isomerism are
mapped for substrates with individual vinyl → methyl → hydrogen substitutions and with enzyme
C-terminal deletions. NmHO exhibits significantly stronger orientational preference, reflecting
much stronger and selective pyrrole-I/II interactions with the protein matrix, than in mammalian
HOs. Thus, replacing bulky vinyls with hydrogens results in a 180° rotation of substrate about the
α,γ-meso axis in the active site. A "collapse" of the substrate pocket as substrate size decreases is
reflected in movement of helix-2 toward the substrate as indicated by significant and selective
increased NOESY cross peak intensity, increase in steric Fe-CN tilt reflected in the orientation of
the major magnetic axis, and decrease in steric constraints controlling the rate of aromatic ring
reorientation. The active site of NmHO appears "stressed" for native protohemin and its "collapse"
upon replacing vinyls by hydrogen leads to a factor ~102 increase in substrate affinity. Interaction
of the C-terminus with the active site destabilizes the crystallographic protohemin orientation by
†This research was supported by grants from the National Institutes of Health, GM62830 (GNL), and CA132861 (KMS); NMR
instrumentation purchase was supported by grants from the National Institutes of Health, RR1973 and the National Science
Foundation, DBIO722538.
*

Corresponding author: lamar@chem.ucdavis.edu phone: 530-752-0958; FAX: 530-752-8995.
Supporting Information
Eight figures, NOESY spectra for minor isomer of NmHO-(2V,4V)DH-N3, and NmHO-(2V,4M)DH-N3, NOESY slices through
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~0.7 kcal/mol, which is consistent with optimizing the His207-Asp27 H-bond. Implications of the
active site "stress" for product release are discussed.
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Heme Oxygenase, HO1, is a widely distributed enzyme that cleaves its natural substrate,
hemin, into biliverdin, iron and CO (3). In mammals the products serve as a precursor for
the potent antioxidant bilirubin, as a source of ~97% of the required iron, and as a gaseous
neuronal messenger, respectively (4–7). The product biliverdin is converted to
photosynthetic pigments in plants and cyanobacteria, (8) while in some pathogenic bacteria
the primary function is to secure iron. (4, 6) All HOs proceed via the same three
intermediates, meso-hydroxyhemin, verdoheme and iron-biliverdin (Scheme 1), and exhibit
significant sequence (4, 6) and structural homology with a conserved α-helical fold (9–15).
The stereoselectivity of the meso-cleavage results from distal steric influences that orient
first the heme-ligated O2, then the activated Fe+3-OOH, toward one meso position, while the
distal helix lies sufficiently close to the substrate surface to block the other three meso
positions (9–15). The particular meso position cleaved depends on the seating (9, 11, 13, 14,
16–19) of the substrate in the active site which is controlled by propionate-residue salt
bridges within a conserved protein matrix; only the α-meso position is cleaved in
mammalian HOs.
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Crystal structures have shown (9–15) that hemin is bound less tightly in HO substrate
complexes than in functional hemoproteins, as evidenced by variable positioning of the key
distal helix, high thermal factors and the presence of multiple and sizable cavities in the
vicinity of the active site. Evidence for relatively weak van der Waals interactions between
substrate pyrroles I and II (Figure 1) and active site residues is also drawn from 1H NMR
data. While only a single substrate orientation is detected in crystals (9–15), 1H NMR has
shown clearly that, for the mammalian HOs, the two alternate orientations about the heme
α,γ-meso axis (Figure 1) are comparably populated (20–22) in either the resting state or its
ligated derivative. Further, the ratio of the two isomers is only weakly altered (20) by
substitution of vinyls by hydrogens. In fact, for human HO, hHO, the unique crystal
orientation (9) corresponds to the minor isomer in solution. (21) Similar orientational
heterogeneity is observed for the two pathogenic bacterial HOs from Corynebacterium
diphtheriae, CdHO (17, 18, 23), and Pseudomonas aeruginosa, PaHO (16, 24).
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The HO from the pathogenic bacterium Neisseriae meningitidis, NmHO, displays significant
sequence (6) and structural homology (11, 12) to other HOs, but, at the same time, exhibits
several properties that reflect on unique interactions of the substrate with the protein matrix.
On the one hand, the crystal structures indicate (11, 12) a more tightly packed active site
with fewer and smaller distal cavities than other HOs. On the other hand, solution 1H NMR
has shown that NmHO has a stronger orientational preference for the native substrate (2, 25,
26), and exhibits dynamic line broadening (1) of an aromatic ring in contact with substrate
that reflects on steric constraints in the substrate-matrix interaction. These results suggest a
more specific and selective interaction between pyrroles I and II with the protein for NmHO
than in other HOs. Lastly, the crystallographically undetected (11, 12) C-terminal His
207Arg208His209 fragment is observed (25, 27) by NMR to interact directly with the active
site; NOESY cross peaks and energy minimization have generated a molecular model (28,
1Abbreviations used: DSS, 2,2-dimethyl-2-silapentane-5-sulfonate; HO, heme oxygenase; hHO, human heme oxygenase; NmHO,
Neisseria meningitidis heme oxygenase; ΔC1-NmHO, Des-His209-NmHO; ΔC2-NmHO, Des-Arg208His209-NmHO; ΔC3-NmHO,
Des-His207Arg208His209-NmHO; BVR, biliverdin reductase; NOESY, two-dimensional nuclear Overhauser spectroscopy; TOCSY,
two-dimensional total correlation spectroscopy; ROESY, rotating frame two-dimensional nuclear Overhauser spectroscopy; CdHO,
Corynebacterium diphtheriae heme oxygenase; PaHO, Pseudomonas aeruginosa heme oxygenase; (2V,4V)DH, 2-vinyl,4vinyldeuterohemin; (2M,4M)DH, 2-methyl,4-methyldeuterohemin; (2H,4H)DH, 2-hydrogen,4-hydrogendeuterohemin; (2M,4V)DH,
2-methyl,4-vinyldeuterohemin; (2V,4M)DH, 2-vinyl,4-methyldeuterohemin;(2M,4H)DH, 2-methyl,4-hydrogendeuterohemin; (2H,
4M)DH, 2-hydrogen,4-methyldeuterohemin.
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29). Relatively rapid, spontaneous cleavage of the His207-Arg208 peptide bond abolishes
the C-terminal interaction and increases the product release (28) rate, thereby implicating the
C-terminus as a site for physiological regulation of product release. The contribution of this
interaction of the C-terminus with the active site towards the stability of the native NmHO
substrate complex is unknown.
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We focus here on assessing the influence of substrate size and C-terminal modification on
the interaction of the substrate with NmHO and to shed light on the novel structural features
of NmHO that exert a significantly stronger substrate orientational preference than in
mammalian HOs. The role of the C-terminal interaction with the active site on the substrate
contacts with the protein matrix will be similarly explored. The presently documented
tendency of the active site NmHO-substrate complex to "collapse" upon decreasing substrate
size, and the concomitant increase in substrate affinity, is not apparent in the molecular
structure of the native NmHO-substrate complex, and may play a role in product extrusion.
To this end, we make use of a series of systematically modified substrates where the 2, 4vinyl (V) groups of protohemin, are individually replaced by methyls (M), followed by the
replacement of these methyls individually by hydrogen (H) (30); the structures of the
variable pyrroles I and II are depicted in Figure 1. The influence of the C-terminus on
substrate binding is pursued using the previously characterized C-terminal truncation
mutants (29) where the three residues, His207Arg208His209, are sequentially deleted, and
for which the interaction of the C-terminus is minimally perturbed by deleting His209, but is
completely abolished upon deletion of Arg208. The azide- and cyanide-inhibited, S = 1/2
complexes are ideal candidates for effective and informative 2D NMR characterization (31).
The azide (2, 29, 32) complex is superior in that it allows direct detection of the contact
between the C-terminus and the substrate (29, 33) and structurally more closely resembles
the bent physiological Fe-O2 unit (10, 14). The cyanide complex, on the other hand, exhibits
electronic/magnetic properties that are much more sensitive to active site perturbations than
the azide complex (25, 27, 31).

Materials and Methods
Protein preparation
Wild Type Neisseria meningitidis heme oxygenase, NmHO, and the three C-terminal
truncation mutants, desHis209-NmHO (hereafter labeled ΔC1-NmHO), desArg208His209NmHO (hereafter labeled ΔC2-NmHO), and desHis207Arg208His209-NmHO (hereafter
labeled ΔC3-NmHO) are the same as described previously (25, 28, 29).
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For convenience we adopt a substrate nomenclature based on deuterohemin (DH), where we
explicitly list the substituents at positions 2 and 4, i.e., (2R,4R')DH (see Figure 1). The
seven substrates, protohemin, (2V,4V)DH, 2 methyl,4 vinyl-deuterohemin, (2M,4V)DH, 2vinyl,4-methyl-deuterohemin, (2V,4M)DH, 2-,4-dimethyl-deutorohemin, (2M,4M)DH, 4methyl-deuterohemin, (2H,4M)DH, 2-methyl-deuterohemin, (2M,4H)DH, and
deuterohemin, (2H,4H)DH, are the same samples described in detail previously (30, 34).
Sample concentrations were determined photometrically. The appropriate hemin was
dissolved in 0.1 M NaOH solution and stoichiometric amounts added to a NmHO solution
50mM in phosphate at pH 7.1 at 25°C. The samples were purified by column
chromatography on Sephadex G25 and concentrated using pressure ultrafiltration to yield
~2–3 mM solutions of NmHO-(2R,4R')DH-N3 in H2O, 50mM phosphate, 75 mM in azide at
pH 7.1. Separate samples of NmHO-(2H,4H)DH-CN and NmHO-(2M,4M)DH-CN were
prepared in the same manner with the solution 30 mM in cyanide. A pure ~1 mM sample of
the azide complex of (2V,4V)DH was prepared by dissolving (2V,4V)DH in 0.1 M NaOH in
85% 1H2O/15% 2H2O ~56 mM in azide, 81 mM in phosphate; the sample pH was reduced,
without precipitation, to ~7.3 by addition of 2HCl in 2H2O.
Biochemistry. Author manuscript; available in PMC 2012 January 3.
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NMR spectroscopy
1H

NIH-PA Author Manuscript

NMR data were collected on Bruker AVANCE 500, 600 and 800 spectrometers
operating at 500, 600 and 800 MHz, respectively. Reference spectra were collected in 1H2O
at repetition rates of 1 s−1 over 50 ppm; chemical shifts are referenced to 2,2-dimethyl-2silapentane-5-sulfonate (DSS) through the water resonance. 600 and 800 MHz NOESY
spectra (35) (mixing time 40 ms; repetition rate 1.0–2.5 s−1 for azide complexes and 1.3 s−1
for cyanide complexes) and 500 MHz Clean-TOCSY spectra (36) (to suppress ROESY
response; spin lock 25 ms; repetition rate 1.2 s−1) were recorded over a bandwidth of 20 and
44 ppm (NOESY) and 20 ppm (TOCSY) using 512 t1 blocks of 128 and 256 scans each
consisting of 2048 t2 points. 2D data sets were apodized by 30°-sine-squared-bell-functions
and zero-filled to 2048 × 2048 data points prior to Fourier transformation.
Magnetic axes
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The orientation of the paramagnetic susceptibility tensor, χ, (magnetic axes, x, y, z) relative
to the iron-centered reference coordinate system, x', y', z', in Figure 2 was determined for
NmHO-(2H,4H)DH-CN, using as input dipolar shifts for residues excluding the distal helix
and helix-2 (vide infra), in a manner identical to that described in detail for NmHO-(2V,
4V)DH-CN (25) and NmHO-(2M,4M)DH-CN (27), using Δχax = 2.48 × 10−8 m3/mol and
Δχrh = −0.58 × 10−8 m3/mol shown to be conserved among His/CN− ligated hemoproteins
(31, 37). In the absence of an isostructural diamagnetic analog for NmHO, diamagnetic
chemical shifts were determined by the ShiftX program (25, 27, 38) and the crystal structure
(12), to which was added the porphyrin ring current. This procedure yielded non-labile
proton chemical shifts with ±0.25 ppm uncertainties; deviations were random. It has been
shown for other HOs (39, 40) for which isostructural diamagnetic analogs are available, that
the magnetic axes determined using alternately the available diamagnetic analog chemical
shifts and the ShiftX program estimates, are essentially indistinguishable. Error analysis is
described in detail elsewhere (41). The determined angles β, α, κ correspond to the tilt of the
major magnetic axis (not shown) from the heme normal (z'), the direction of the tilt defined
by the angle between the projection of z on the x', y' plane and the x' axis, and the position of
the in-plane rhombic axes, respectively, as shown in Figure 2.

Results
Thermodynamics of substrate orientational isomerism
The equilibrium constant for the substrate orientational interconversion, K(B→A) for the
native (A in Figure 1) orientation and that rotated 180° about the α,γ-meso axis (B in Figure
1) relates to a difference in the thermodynamic stabilities according to:
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(1)

with K(B→A) = [A]/[B], where [A] and [B] are the equilibrium populations of the
crystallographic (A) and 180°-rotated (B) substrate orientation (Figure 1), as determined
from the relative 1H NMR intensities of resolved methyl peaks in the A to that in the B
orientation. Initial reaction of substrate (25) and NmHO leads to ~1:1 orientational disorder
of the substrate about the α,γ-meso axis; the half-life for equilibration to the more stable
orientation is ~1.5 h at 25°C and pH ~7.1. All 1H NMR studies were performed on
completely equilibrated complexes.
The effect of replacing the vinyls of NmHO-(2V,4V)-DH-N3 with methyls, one at a time, to
yield NmHO-(2M,4V)-DH-N3 and NmHO-(2V,4M)-DH-N3 and NmHO-(2M,4M)-DH-N3 is
illustrated in Figures 3A, 3B, 3C and 3D, respectively. Methyls and single protons for the

Biochemistry. Author manuscript; available in PMC 2012 January 3.
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crystallographic (180°-rotated) orientation isomer are labeled Mij , Hij (mij, hij), where
subscript i corresponds to the positions on the substrate (positions 1–8), and superscript j
corresponds to the position in the protein matrix (positions a–h) that the substituent
occupies, as defined in Figure 2. The native (2V,4V)DH complex exhibits two sets of
resonances (Figure 3A). One set corresponds to the previously assigned (25) major isomer
with orientation A, whereas a second set of minor isomer peaks, mij, hij, will be shown (vide
infra) to correspond to orientation B. The isomer ratio (A/B) is 5:1. Both NmHO-(2M,4V)DH-N3 (Figure 3B) and NmHO-(2V,4M)-DH-N3 (Figure 3C) exhibit heterogeneity with a
ratio of major to minor isomers of 13:5 and 7:5, respectively. The relevant thermodynamic
parameters are listed in Table 1. The two-fold symmetric (2M,4M)-DH complex can yield
only a single isomer, as found in Figure 3D (for convenience we number the (2M,4M)-DH
positions on the basis of the numbering in native (2V,4V)DH (Figure 1)).
The step-wise replacement of the hydrogens with methyls for the deuterohemin complex is
shown in Figures 3A'-3C' and 3D. NmHO-(2H,4H)DH-N3 (Figure 3A') exhibits a dominant
(~95%) isomer. Replacement of 2H- with 2M- yields two isomers in the ratio of 1:4 (Figure
3B'), while replacing only the 4H- with 4M- yields two isomers in the ratio of 1:5 (Figure
3C'). The thermodynamic parameters for the orientational equilibria are listed in Table 1.
Assignment protocols
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Determining the substrate orientation demands the assignment of specific methyls/
hydrogens on the substrate (Figure 1) and the active site amino acids with which they are in
dipolar contact, as described by the positions a–h in Figure 2. We emphasize the azide
complex of substrates identified in Figure 1 since they allow ready quantitation of the
relative populations of the two substrate orientations (vide infra). The cyanide complexes are
considered primarily for NmHO-(2H,4H)DH-CN and NmHO-(2M,4M)DH-CN (vide infra).
For significantly populated (>30%) orientational isomers, the complete substrate signals are
readily assigned by standard procedures following the pattern of dipolar connectivities about
the substrate periphery, as detailed previously for both cyanide and azide NmHO complexes
of (2V,4V)DH (2, 25) and (2M,4M)DH (27, 29). The NOESY cross peak pattern of vinyls
also establish their orientation relative to the substrate; a cis (trans) orientation places the
vinyl Hβs (Hαs) close to the methyl on the same pyrrole. The major isomers of NmHO-(2V,
4V)DH-X (X = CN, N3) have been shown(2, 25) to possess cis orientations for both vinyls
in solution, as found in the crystal (11, 12). Chemical shifts for substrate substituents 2R/4R'
= methyl/vinyl and methyl/hydrogen for azide complexes are provided in Supporting
Information, Tables S1 and S2, respectively. Similar data for cyanide complexes with 2R =
4R' are listed in Table S3.

NIH-PA Author Manuscript

The necessary residue assignments are readily obtained from standard α-helical dipolar
contacts among TOCSY-detected spin systems over a range of temperatures, which serve as
the "third dimension”. Such data have been presented in detail previously for several
substrate complexes of NmHO with both azide and cyanide ligands (2, 25, 27, 29). Hence,
very limited 2D data are presented. These data provide the definitive assignments for helical
fragments Thr19-Val26, Phe52-Thr54, Tyr112-Gly116, Phe123-Phe125, Arg140-Ala142
and Ala180-Tyr184. Chemical shifts of active site residues for azide and cyanide complexes
with 2R = 4R' are provided in Supporting Information, Tables S4 and S5 respectively.
Similar data for azide complexes with 2R ≠ 4R' are provided in Table S6. The two key
residues in the protein matrix that uniquely determine substrate orientation are Phe123 (αhelical fragment Phe123-Phe125) and Cys113 (α-helical fragment Tyr112-Gly116), which
are in contact with heme substituents at positions a,h and d,e, respectively, (Figure 2). For
isomers with small populations (<30%), the upfield vinyl H4β or pyrrole H4 dipolar contact
to the low-field methyl (or the strong intermethyl contact for two methyls on the same

Biochemistry. Author manuscript; available in PMC 2012 January 3.
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pyrrole), are readily detected and the methyl contact to Cys113 or Phe123 determines
orientation.
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Orientation of substrates with vinyl groups
The minor isomer of native NmHO-(2V,4V)DH-N3 reveals (Figure 3A) two resonances at
high field for 4-vinyl h4βs that exhibit the characteristic NOE to the low-field 4hα and to a
methyl, m5, in contact with Phe123 (not shown; see Supporting Information, Figure S1).
The contact to the Cys113 CαH identifies m8, identifying the remaining methyl as m1, which
in turn exhibits a cross to h2α. These connections confirm the B orientation of the minor
isomer and, at the same time, establish that both the 2-vinyl and 4-vinyl groups each possess
the trans orientation. The strong vinyl h4β to the Phe123 ring shows that the vinyl is rotated
towards the distal side.
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2D NMR data (not shown, see Supporting Information, Figure S2) on NmHO-(2M,4V)DHN3 reveal the strongly coupled M2 and M1 (with M1 in contact to M8), and with M1/M8 in
contact with Phe123, which confirm the A orientation for the major isomer with the 4-vinyl
at position d in the cis configuration. For the minor isomer, the h4α-m3 cross peaks and the
h4β cross peaks to Phe123, confirm the B orientation with the 4-vinyl group at position a
with a trans orientation. The major isomer of NmHO-(2V,4M)DH-N3 allows complete
assignment of the substrate (not shown; see Supporting Information, Table S2), and the
NOESY cross peaks of M5/M4 to Cys113 CαH and M8/M1 to Phe123 establish the A
orientation for the major isomer with the 2-vinyl group displaying a cis orientation at the
same protein position b as the native substrate. For the minor isomer, the strong NOESY
cross peaks of m4 to both m3 and Phe123 dictate the B orientation. The m1 to the vinyl h2α
NOESY cross peak establishes a trans orientation for the 2-vinyl at protein matrix position
c. Thus, vinyls at the crystallographic positions b and d exhibit cis, while those at positions a
and c, exhibit trans orientations. The observed vinyl orientation for each substrate is
depicted in Figure 1.
Orientation of substrates with pyrrole-hydrogens
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The NOESY data for the major isomer of NmHO-(2H,4H)DH-N3 in Figure 4 reveal the key
m1 to m8 cross peak and the cross peak of both methyls to Cys113 CαH, dictating that the
major isomer has the "reversed" orientation B (Figure 1). The linewidths2 of the Tyr184 ring
CεH averaged (1) resonance is very strongly reduced compared to that in either the (2M,
4M)DH or (2V,4V)DH complexes (25, 27) (not shown, see Supporting Information, Figure
S3). For this complex, as well as in the case of the other substrates (2, 25, 27), we observe
both the His207 CβH2 and Arg208 CαH NOESY cross peaks to the methyl at position h
confirming that the substrate in each complex interacts with the C-terminus in a manner
similar to that described for the native (2V,4V)DH complexes (2, 29). Similar NOESY data
for NmHO-(2M,4H)DH-N3 and NmHO-(2H,4M)DH-N3 (data not shown) also confirm that
the major isomer corresponds to the B orientation (Figure 1).
The 1H NMR spectra for NmHO-(2V,4V)DH-CN and NmHO-(2H,4H)DH-CN each exhibit
primarily a dominant (~20:1) orientation (not shown, see Supporting Information, Figure
S4); with ΔG° = −1.8 kcal/mol and +1.8 kcal/mol, respectively. For the former complex, the
A orientation has been confirmed (25). NOESY data on the latter complex (not shown)
reveal a dominant B orientation, as for the azide complex (vide infra). Chemical shifts for
2The linewidth is reduced at elevated temperature and is greater at 800 than 600 MHz, and hence represents dynamic line broadening
in the fast-exchange limit (1). The larger linewidth contribution to the Tyr184 averaged CεH than CδH signals is consistent with the
results of previously published magnetic axes (2) which predict only a ~0.1 ppm shift difference for the individual CδHs, but a ~0.8
ppm shift difference for the individual CεHs. Since the magnetic axes (dipolar shifts) are conserved with 2R,4R for azide complexes,
the reduced exchange broadening directly correlates with a faster ring reorientation in the order H > M > V.
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the substrate and active site residues are provided in Supporting Information, Tables S3 and
S5, respectively.
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Influence of C-terminal deletions on orientational equilibrium and substrate affinity
Figure 5 illustrates the resolved upfield spectral window where the assigned (29) 4-vinyl
Hβs resonate for WT NmHO-(2V,4V)DH-N3 and the ΔC1-, ΔC2-, and ΔC3-NmHO
truncation mutants. Deletion of the C-terminal His209 has only a minimal effect on the A/B
isomer ratio (Figure 5B; Table 1). However, both ΔC2- and ΔC3-NmHO-(2V,4V)DH-N3
exhibit similarly significantly increased K(B→A) from 5 to 18, indicating that abolishing
the interaction of the C-terminus with the active site favors the A orientation found in
crystals (11, 12) (thermodynamic parameters listed in Table 1).
The 1H NMR spectrum of a solution 1.0 mM NmHO, 1.0 mM in ΔC2-NmHO, and 1.1 mM
in (2V,4V)DH, in the presence of excess azide, exhibits the methyl peaks for NmHO-(2V,
4V)DH-N3 and ΔC2-NmHO-(2V,4V)DH-N3 with comparable (±10%) integrated intensities
(not shown; see Supporting Information, Figure S5) dictating that in azide complexes, the
affinity for substrate is essentially the same in the WT and ΔC2-NmHO complex.
Active site structural perturbations upon substrate modification
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The primary equatorial contacts of pyrrole I and II substituents (11, 12) are with the side
chains of helix-2 that includes the residues Phe45-Phe52, as illustrated in Figure 6. An
assessment of the proximity of this helix to the substrate requires an invariant probe (same
rigid functional group in two complexes to be compared). Inspection of the orientations of
the major isomers of (2V,4V)DH (A in Figure 1) and (2H,4H)DH (B in Figure 1), and the
unique orientation of (2M,4M)DH, shows that the only conserved probes are methyls at
active positions b and d (Figure 2) for the (2M,4M)DH and (2H,4H)DH complexes, and
methyls at positions a and c for (2V,4V)DH and (2M,4M)DH complexes.
The active site structure3 in Figure 6 depicts a Phe45 ring which cannot move closer to the
methyl at position b solely by side chain reorientation. Similarly, the ring of Phe52 could
move closer to the methyl at position d simply by side chain reorientation, but not to the
methyl at position c. The methyls at positions b and c are resolved only in the cyanide
complex (25, 27) while methyls a and d are resolved only in the azide complex (2, 32, 42).
The most informative spectra are those for the cyanide complexes.
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Figure 7A and 7B show the NOESY slices (collected and processed under identical spectral
conditions) through methyls at position b for the (2M,4M)DH and the (2H,4H)DH cyanide
complexes, respectively. NOESY data for both complexes readily identify the expected (11,
12) relatively strong contacts of the protons of Val26, Asp27 and Val30 (Figure 7; see also
Supporting Information, Figure S6). For the NmHO-(2M,4M)DH-CN complex, a very weak
NOESY cross peak is observed to the CεH of Phe45 (Figure 7A), as expected from the
crystal structure. It is noted that the NOESY cross peak intensities for Val26, Asp27 and
Val30 to the substrate methyl are conserved upon replacing the substrate methyl with a
hydrogen at positions 2,4, indicating conserved configuration for the proximal helix relative
to the substrate. On the other hand, the intensity of the substrate methyl to the Phe45 CεH
increases (Figure 7B) by a factor 3–4 for the reduced substrate size. The increase in
magnitude of the Phe45 CεH NOE for the (2M,4M)DH complex indicates a movement by
the Phe45 ring, and hence helix 2, ~1Å closer to the substrate upon replacing 2,4 methyl
with 2,4 hydrogen, a shift comparable to the expected reduction of the substrate size. A
NOESY cross peak between the methyl at position b and the Phe52 ring in the (2V,4V)DH
3Protein data bank crystal coordinates ID 1P3V.
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complex is neither predicted (11, 12) nor observed (25) by 1H NMR. The detection of a
weak-to-moderate intensity cross peak (not shown) between the Phe52 CεH and the methyl
at position c in the (2M,4M)DH cyanide complex (27) confirms a similar movement of
helix-2 closer to the substrate upon replacing vinyls by methyls. The Md NOESY slices in
the azide complexes exhibit the expected cross peaks to three aromatic rings (Phe52, Phe181
and Tyr184) (not shown), pairwise degeneracies of the ring signals preclude a meaningful
dissection of changes in cross peak intensity.
Effect of substrate modification on the magnetic axes in cyanide complexes
The hyperfine shifts for non-ligated active site residues arise solely from the dipolar
interaction and are determined by the orientation/anisotropy of the paramagnetic
susceptibility tensor, χ, and the position of the residues in the active site (31, 43). Systematic
changes in active site dipolar shift pattern for a largely conserved molecular structure infer
changes in the orientation of χ, which can be indirectly related to small systematic structural
changes in the active site (15, 22, 31, 44).
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Replacement of the two vinyls in (2V,4V)DH, first with methyls, and subsequently with
hydrogens, in azide complexes produces only very small chemical shift changes for active
site residues (in particular, for the proximal helix), but always in the order vinyl, methyl,
hydrogen. Hence, the orientation of χ is essentially conserved with variable 2–4-substituents
in azide complexes. The variation in dipolar shift with 2R,4R for cyanide complexes, on the
other hand, is both large in magnitude and exhibits a systematic change in pattern with the
shifts changing always in the order vinyl, methyl, hydrogen (not shown, see Supporting
Information, Tables S3, and S4).
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Previous determinations (25, 27) of the orientation of χ for the (2V,4V)DH and (2M,4M)DH
cyanide complexes have shown that the tilt of the major magnetic axis, z, from the heme
normal, z', is 8±1° in the former, but increased to 12±1° for the latter substrate, with the
direction of tilt, α = 250 ± 15°, and the rhombic axes, κ = 40 ± 10°, largely conserved (the
angle β is more clearly depicted in Figure 6). Comprehensive 2D NMR assignments of
NmHO-(2H,4H)DH-CN (not shown; see Supporting Information, Table S6) allow the
present determination of the orientation of χ for NmHO-(2H,4H)DH-CN. The magnitude of
the dipolar shifts significantly exceeds the likely small changes in the porphyrin ring
currents upon changing the 2,4-substituents, allowing the use of the same diamagnetic
chemical shift references as for the (2V,4V)DH complex. This procedure leads to conserved
α = 230 ± 15°, and rhombic axes, κ = 34 ± 15°, but with significantly increased tilt, β = 16
±1° (not shown, see Supporting Information, Figure S7). Hence, the magnitude of the tilt of
the major magnetic axis of χ in cyanide complexes with substituent size increases in the
order: H > M > V, with the direction of tilt largely conserved. Since the Fe-CN vector
correlates with the -z axis (Figure 6B), the Fe-CN is tilted towards the α-meso position (15,
25, 27, 31, 44).
Influence of substrate modification on substrate affinity
The 1H NMR spectrum of a solution 1.0 mM in WT NmHO, 1.1 mM in (2H,4H)DH and 1.0
mM in (2V,4V)DH, in the presence of excess azide, exhibits the expected resolved methyl
peaks for both NmHO-(2H,4H)DH-N3 and NmHO-(2V,4V)DH-N3, but in an intensity ratio
of ~20:1. This dictates4 that, assuming similar aggregation (45) or non-specific interaction
of the "free" substrate with the intact NmHO-substrate complex, the substrate affinity for
(2H,4H)DH is a factor > 102 greater than for the native (2V,4V)DH (not shown, see
Supporting Information, Figure S8).
4The details of the extraction of the information from the peak intensities are given in Figure S8.
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Electronic/magnetic properties of the substrate
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The pattern of substrate dominant contact shifts (see Supporting Information, Tables S1–S3)
adheres to that expected (31, 46) for the respective orbital ground states for the low-spin
azide (2, 42) and cyanide (31, 47) complexes, large low-field contact shifts for methyls,
propionate and vinyl Hαs and high-field contact shifts for vinyl Hβs at positions 1, 4, 5, 8 (2,
3, 6, 7) for the azide (cyanide) complexes. The in-plane 90° rotation of the orbital hole is
due to the fact that it is determined by the orientation of the axial imidazole and the bent FeN=N=N planes which are perpendicular to each other (14, 42). There is also smaller
asymmetry among the methyl shifts at positions 1, 4, 5, 8 in the azide complexes reflecting,
in significant part, the in-plane asymmetry induced by the asymmetric arrangement of the 2
and 4 substituents in the free substrate (48).
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The relative insensitivities of the dipolar shifts of non-coordinated active site residues to
substrate modification in azide complexes, in contrast to the strong sensitivity for cyanide
complexes, are again consistent with expectations. Variable distal steric interactions
necessarily lead to variable tilt of the Fe-C vector in cyanide complexes because the Fe-CN
unit is linear (15). The azide ligand, like molecular oxygen, is bent upon ligation to iron,
such that distal steric interactions control primarily the direction of the plane of the bent
ligand, but not the Fe-N tilt (15).
Substrate orientational preference
The contribution to the stabilization of the crystallographic orientation for a given substrate
(ΔG° in Table 1) is approximately additive for the 2- and 4- positions and the influence at
the 2- and 4- positions is comparable for hydrogens and slightly larger for the 4- than 2vinyl (Table 1). The conversion of the more common vinyl cis orientations in the
crystallographic b and d positions (Figure 2), to the less common trans orientation for active
site positions a and c, is readily rationalized by steric influences predicted by the crystal
structures (11, 12).
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The preference for the vinyl vs methyl and methyl vs hydrogen positions in the active site
can be combined such that the binding-free energy for substrate in the crystallographic (A
orientation) increases (becomes more negative) in the order H > M > V at each of the active
site positions a and c, while for positions b and d, the binding-free energy is reversed in the
order V > M > H. The similar effect of the 2-vinyl and 4-vinyl to methyl substitutions on
orientational preference argues against a significant electronic influence of specific vinylprotein interactions in controlling orientation. Electronic inductive effects may modulate
protein contact with the substrate π system but in the order vinyl, hydrogen, methyl (49).
However, for the three azide complexes this pattern correlates with an increase in the
binding free energy as the size of the pyrrole I/II substituent, and hence size of substrate,
decreases. The binding free energies for a given orientation for the substrates (2V,4V)DH
and (2H,4H)DH differ by ~2.8 kcal/mol (Table 1).
Thermodynamic data for substrate orientation as cyanide complexes are available only for
(2H,4H)-DH and (2V,4V)DH, with ΔG° = +1.8 and −1.8 kcal/mol, respectively. For (2H,
4H)DH the "reversed" orientation is comparably stabilized (ΔG° = 1.8 kcal/mol) for the
alternate exogenous ligands. However, for (2V,4V)DH, the A orientation is stabilized by
~0.8 kcal/mol more in the cyanide than azide complex. The difference in orientational
preference for (2V,4V)DH in cyanide and azide complexes likely arises from a stronger
interaction of the former substrate with the protein matrix forced by the steric tilt of the FeCN unit (14, 15).

Biochemistry. Author manuscript; available in PMC 2012 January 3.

Peng et al.

Page 10

The role of the C-terminus interaction with substrate
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For each of the substrates, the interaction of the C-terminus with the active site can be
confirmed by the NOESY cross peaks of a weakly relaxed His backbone (His207) to
substituents at the active site positions a and h, and of a weakly relaxed and upfield dipolarshifted CαH (Arg208) to the methyl at position h in a manner essentially indistinguishable
from that reported previously for (2V,4V)DH and (2M,4M)DH complexes with both azide
and cyanide ligands (2, 25, 27–29). The spectra in Figure 5 and the thermodynamic data in
Table 1 show that ΔG° is conserved upon deletion of His209; this deletion has been shown
(29) to retain the interaction of the C-terminus with the active site. The subsequent deletions
of first Arg208, and then His207, which have been shown (29) to abolish the interaction of
the C-terminus with the active site, leads to a ~0.7 kcal/mol stabilization of the
crystallographic (A in Figure 1) orientation of (2V,4V)DH, although the overall substrate
affinity is unaltered.
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An H-bond between the His207 peptide NH and the proximal helix Asp27 carboxylate has
been proposed (28, 29) for the structure of the C-terminus and it was noted that the out-ofplane orientation of the 2-vinyl group at position b sterically interfered with the optimal
orientation of the Asp27 carboxylate. The increased population of the B orientation, which
places a vinyl at position a and a methyl at position b, upon the interaction of the C-terminus
with the active site can be viewed as a contribution to stabilizing the His207 to Asp27 Hbond. In any case, the significant effect on the relative stabilities of the two substrate
orientations establishes the importance of the crystallographically undetected (11, 12)
interaction of the C-terminus with the active site.
Active site structural accommodation to substrate modification
It was noted above that the orientation of the (2V,4V)DH, (2M,4H)DH and (2H,4H)DH
substrate follows the pattern that places the smallest substituent at each of the four active site
positions a–d in Figure 2. This directly implies that the size of the substrate cavity depends
on substrate size. A "collapse" of the substrate pocket size upon reduction of the size of the
substrate is supported by observations of the movement of two helices relative to the
substrate. Figure 6 depicts the relative positions of substrate and portions of the helical
backbones for the proximal helix-1, helix-2 (through residues His23-Phe52) and the distal
helix spanning the substrate, (Tyr112-Phe123) (11, 12). The expected tilt of the Fe-CN unit
towards the α-meso position is also shown.
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The significant increase, upon replacing (2M,4M)DH with (2H,4H)DH, in the NOESY cross
peak intensity between the Phe45 CεH to the common methyl at the crystallographic (11, 12)
position b, as well as the appearance of a significant NOESY cross peak between the Phe52
CεH and methyl at position c upon replacing vinyls by methyls, indicate that helix-2 moves
~1Å closer to the substrate upon reducing the size of the 2,4-substituents.
The tilt of the major magnetic z-axis in cyanide complexes reflects the magnitude and
direction of the steric tilt of the linear Fe-CN unit, as confirmed by the observation of a ~20°
tilt towards the α-meso position by both 1H NMR (44) and crystallography (15) in a
mammalian HO cyanide complex. The observed increase in the tilt angle, β, from 8° for the
(2V,4V)DH to 12° for the (2M,4M)DH (27), and to 16° for the (2H,4H)DH cyanide
complexes, indicates that the distal helix backbone, which is the origin of the steric
interference for the tilt (15), moves ~0.2 Å for vinyl to methyl and methyl to hydrogen
replacements. Hence, the distal helix moves only a small fraction of the movement of helix 2
towards the α-meso position (or the proximal helix moves towards the γ-meso position) as
the size of the pyrrole I/II substituents decrease in size.
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The available data do not distinguish whether the distal helix or substrate move relative to
the enzyme center of mass, however, it can be expected that a movement of helix-2 toward
the substrate upon replacing methyls by hydrogens at positions 2 and 4, can result in a small
movement of the proximal helix in the same direction and this movement would result in an
increased tilt due to steric interaction with the distal helix. It has been noted in mammalian
HOs that the replacement of a bent ligand like azide (14) with a linear ligand like cyanide
(15) results in a large steric tilt for the Fe-CN unit that causes a movement of the proximal
helix, setting a precedent for a correlation between the degree of tilt of the exogenous ligand
and translation of the proximal helix.
The helix-2 side chain Gln49 and His53 provide important H-bonds to ordered water
molecules implicated in the catalytic mechanism (7, 10–12, 14, 15). Both the His53 and
Glu49 labile protons exhibit significant (> 0.3 ppm) shift changes with 2R, 4R in both the
azide (Table S4) and cyanide (Table S5) complexes. While changes in the orientation of χ
complicate the interpretation of these shift changes for the cyanide complex, the conserved
orientation of χ for azide complexes clearly shows that these selective shift changes for
Gln49 and His53 reflect increases in H-bond strength as the size of the substituent is
reduced. Hence, there is a coupling mechanism between the 2,4 positions and the distal
pocket of the enzyme.
1H
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NMR determination of the relative substrate affinities of NmHO for (2V,4V)DH and
(2H,4H)DH in the azide complexes shows (not shown, see Supporting Information, Figure
S8) that the substrate affinity increases4 by a factor >102 upon replacing 2,4-vinyls with 2,4hydrogens. Thus the substrate binding free energy is increased (more negative) by ~2.8 kcal/
mol for the smaller substrate. This increased stability can be attributed, at least in part, to the
"collapse" of the substrate pocket upon decrease in substrate size. A useful view is that the
active site structure is "stressed" for native (2V,4V)DH, and is "relaxed" for the smaller (2H,
4H)DH. The reduction of the linewidth2 of the Tyr 184 CεH signal averaged by 180° ring
flips in the order V > M > H (not shown, see Supporting Information, Figure S3) confirms a
tightly clamped (2V,4V)DH in the "stressed" active site that is sequentially relaxed upon
decreasing the size of the 2,4 substituents.

Comparison with other heme binding proteins

NIH-PA Author Manuscript

The very strong effect of substrate substitution upon the heme orientational preference
(about its α,γ-meso axis) clearly distinguishes NmHO from mammalian HOs. For
mammalian HOs, the alternate orientations are comparably populated for both native (2V,
4V)DH and (2H,4H)DH (20–22). The much stronger selectivity between the two substrate
orientations in NmHO arises from increased hydrophobic interactions between the substrate
and the protein matrix, in particular at the pyrrole I/II interface. The more compact active
site structure of NmHO complexes has been deduced (11, 12) by observations of fewer and
smaller vacancies in its crystal structure in comparison to structures of other HOs. For
mammalian HOs, cleavage of the substrate ring leaves a bound iron-biliverdin product in a
pocket that is slightly larger and less constrained than previously occupied by the substrate
(14, 15). Hence, the substrate pocket of mammalian HOs appears to be stabilized for a size
that only loosely holds the substrate. In contrast, the present data support a much tighter
substrate pocket for NmHO-substrate complexes that is "stressed" for native (2V,4V)DH, in
that there are significant constraints on the substrate. Moreover, decreasing the substrate size
permits collapse of the active site to a size that much more strongly binds a smaller
substrate.
The significantly increased stabilization of the complex with the smaller (2H,4H)DH
relative to native (2V,4V)DH in NmHO is in strong contrast to substrate binding studies of
globins. Native (2V,4V)DH and synthetic (2H,4H)DH globins exhibit the same dominant
Biochemistry. Author manuscript; available in PMC 2012 January 3.
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orientation about the α,γ-meso axis (48), but the affinity for (2H,4H)DH relative to native
(2V,4V)DH is reduced (50) (instead of increased as for NmHO) by a factor >102. The wellformed heme cavity size in globins (51) apparently cannot similarly collapse to bind the
former hemin as strong as the latter.
Functional implications
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A peculiar and characteristic property of HOs in general is that the product, iron-biliverdin,
exhibits a spontaneous off-rate (~0.03 s−1 for mammalian HO (52)) too slow to support a
physiological process. For mammalian HOs, the release of the toxic biliverdin is
circumvented by the formation of a transient 1:1 complex with biliverdin reductase, BVR,
whose binding at the exposed heme edge (52, 53) strongly accelerates product release. The
BVR analog in pathogenic bacteria has not been identified and the toxicity of biliverdin is
not likely as high as in mammals (4, 6). The 1H NMR characterized (2, 25, 27–29)
interaction of the C-terminus of the active site, which is not detected in crystals (11, 12), has
been shown to modulate product release rate (28) and it has been proposed (29) that the Cterminal structural motif may serve as a recognition site for an outer-membrane transporter
protein (4) which docks at the exposed heme edge. The present results suggest an additional
mechanism. Thus the "stressed" NmHO substrate pocket, upon cleavage of the macrocycle,
may "collapse" in size so as to distort the open macrocycle and facilitate its extrusion.
Unfortunately, crystal structures for product complexes of pathogenic bacterial have not yet
been reported.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Structures of pyrroles I and II (not shown are pyrroles III and IV which possess conserved
methyls at positions 5 and 8 and propionates at positions 6 and 7) for substrates of interest,
(2R,4R')deuterohemins. (i) native protohemin, (2V,4V)DH; (ii) 2-methyl,4 vinyldeuterohemin, (2M,4V)DH; (iii) 2-vinyl,4-methyl-deuterohemin, (2V,4M)DH; (iv) two-fold
symmetric 2-,4-dimethyldeuterohemin, (2M,4M)DH; (v) 4-methyl-deuterohemin, (2H,
4M)DH; (vi) 2-methyl-deuterohemin, (2M,4H)DH; (vii) deuterohemin, (2H,4H)DH. The
orientation A on the left corresponds to a crystallographic orientation of protohemin (11,
12), while orientation B corresponds to the orientation rotated 180° about the α,γ-meso axis.
The 2-fold symmetric (2M,4M)DH is labeled on the basis of the A orientation.
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Active site of the NmHO substrate complex depicting the key expected proximal
(rectangles), distal (ovals) and equatorial (triangle) residue-substrate and inter-residue
dipolar contacts (solid lines) as predicted by the crystal structure (11, 12) and observed
by 1H NMR. The positions on the eight pyrrole substituents are labeled not by the
conventional numbering of the substrate but by letters a–h defined by the position in the
protein matrix. Two contacts not observed in the crystal, but detected by NMR, are the
His207 (bold rectangle) CβHs and ring contacts to methyls at position a and h, and the
Arg208 (bold oval) CαH contact to methyl at position h (shown in bold dashed lines). For
the native protohemin substrate in the crystal, the substituents 1→4 occupy the protein
positions corresponding to a → d; conversely, the minor 180° -rotated isomer the
substituents 1 → 4 occupy protein positions corresponding to d → a. The reference
coordinate system x', y', z' (dotted lines) and the magnetic coordinate system, x, y, z, (solid
lines) are shown where β (not shown) corresponds to the tilt of the major magnetic axes, z,
from the substrate normal (z'-axis), α corresponds to the angle between the projection of the
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major magnetic axis on the x',y' plane and the x' axis, and κ corresponds to the in-plane
position of the rhombic axis.
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Figure 3.

Resolved portions of the 600 Mhz 1H NMR spectra, in 1H2O, 50 mM in phosphate, 75 mM
in azide, pH 7.1 at 25° C for (A) native NmHO-(2V,4V)DH-N3; (B) NmHO-(2M,4V)DHN3; (C) NmHO-(2V,4M)DH-N3; (D) NmHO-(2M,4M)DH-N3; (C') NmHO-(2H,4M)DH-N3;
(B') NmHO-(2M,4H)DH-N3; (A') NmHO-(2H,4H)DH-N3. Substrate peaks are labeled Mji,
Hji (mji, hji) for methyl groups, single proton peaks for the isomer with substrate orientation
A (B) as in the crystal structure (180° -rotated about the α,-γ-meso axis); subscript i
corresponds to the substrate positions, 1–8 (positions 1–4 depicted in Figure 1), and
superscript j corresponds to the protein matrix positions a–h occupied by that substituent,
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depicted in Figure 2. Asterisks denote peaks for the cleaved NmHO complexes that form
over time.
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Figure 4.

Portions of the 600 MHz 1H NMR NOESY spectrum (spectral width 37 ppm, and repetition
rate 2.5 s−1 (left four columns) and spectral width 20 ppm repetition rate 1.5 s−1 (right
column)) of NmHO-(2H,4H)DH-N3 in H2O, 50 mM phosphate, 75 mM azide, pH 7.1 at 25°
C illustrating the residue contacts to the substrate that establish that the orientation of the
major isomer (95%) as that rotated by 180° about the α-γ-meso axis (B orientation in Figure
1) relative to that of native protohemin.
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Figure 5.

Upfield portion of the 600 MHz 1H NMR spectra showing the 4-vinyl H4βs, and h4βs for the
major A and the minor B substrate orientations, respectively, for: (A) native NmHO-(2V,
4V)DH-N3; (B) ΔC1- NmHO-(2V,4V)DH-N3; (C) ΔC2- NmHO-(2V,4V)DH-N3; (D) ΔC3NmHO-(2V,4V)DH-N3 in 50 mM phosphate, 75 mM azide, pH 7.1, at 25° C.
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Figure 6.

Schematic drawing of the portions of the proximal helix-1 (His23-Val33; beige), helix-2
(Lys39-Phe52; grey) and distal helix-9 (Tyr112-Phe123; pink) relative to the substrate (red),
as observed in crystal structure3 (11, 12). Methyls at the three active site positions b–c and d
are labeled. Shown are the positions of the side chains for the axial His23 (green) and two
key aromatic contacts with pyrroles I/II, Phe45 (orange) and Phe52 (dark blue), as well as
the expected tilt of the Fe-CN unit (light blue spheres) in the direction of the α-meso
position, mα, (as inferred from the tilt of the major magnetic axes of χ). The normal to the
substrate, -z', and the major magnetic axis, z, that is determined by the steric tilt of the FeCN unit from the heme normal, as given by the angle β, are also depicted.
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Figure 7.

600 MHz NOESY slices through the conserved methyl at active site position b (Figure 2)
for: (A) NmHO-(2M,4M)DH-CN, and (B) NmHO-(2H,4H)DH-CN, in 1H2O, 50 mM
phosphate, 75 mM azide, pH 7.1 and 25°C. The spectra were collected under identical
conditions (spectral width 40.0 ppm, repetition rate 1.5 s−1) and plotted on the same
absolute scale. The essentially conserved cross peak intensities to proximal helix residues
Val26, Asp27 and Val30 upon replacing methyls by hydrogens at positions 2 and 4 are
noted, as is the significant increase in the intensity of the cross peak to the Phe45 CεH for
the (2H,4H)DH relative to (2M,4M)DH substrate.
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Scheme 1.

Identified intermediates in the heme oxygenase mechanism.
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Thermodynamic parameters for NmHO-(2R,4R')DH-N3 substrate orientational isomerism about the α-,γ-meso
axis.a
Substrateb
2R,4R'

enzyme

2V, 4V

K(B→A)c

ΔG°(B→A)d

WT NmHO

5.0±0.4

−1.0±0.1

2M, 4V

WT NmHO

2.6±0.2

−0.57±0.05

2V, 4M

WT NmHO

1.4±0.2

−0.20±0.09

2H, 4H

WT NmHO

0.050±0.013

1.8±0.2

2M, 4H

WT NmHO

0.25±0.03

0.55±0.6

2H, 4M

WT NmHO

0.020±0.04

0.42±0.13

2V, 4V

ΔC1-NmHO

4.8±0.3

−0.94±0.03

2V, 4V

ΔC2-NmHO

18±3

−1.7±0.1

2V, 4V

ΔC3-NmHO

18±3

−1.7±0.1

a)
b)

Samples in 1H2O 50 mM phosphate, 75 mM in azide, pH ~7.1 at 25°C;
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as illustrated in Figure 1;

c)
For the equilibrium orientation B → orientation A in Figure 1;
d)

In kcal/mol, determined from equation 1 at 25°C.
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